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Abstract WI-38 human diploid fibroblasts underwent acceler-
ated telomere shortening (490 bp/stress) and growth arrest after
exposure to four subcytotoxic 100 WM tert-butylhydroperoxide
(t-BHP) stresses, with a stress at every two population doublings
(PD). After subcytotoxic 160 WM H2O2 stress or five repeated
30 WM t-BHP stresses along the same PD, respectively a
322 þ 55 and 380 þ 129 bp telomere shortening was observed only
during the first PD after stress. The percentage of cells resuming
proliferation after stress suggests this telomere shortening is due
to the number of cell divisions accomplished to reach confluence
during the first PD after stress. ß 2001 Federation of Euro-
pean Biochemical Societies. Published by Elsevier Science B.V.
All rights reserved.
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1. Introduction
The most commonly accepted mechanism of induction of
replicative senescence by telomere shortening is that, when
critically short, telomeres activate a DNA damage response
pathway, which in turn leads to irreversible growth arrest in
the G1 phase of the cell cycle. The recombination of critically
short telomeric ends increases the number of dicentric chro-
mosomes with population doublings (PDs). Upon breakage
during mitosis, dicentric chromosomes generate single- and
double-strand breaks recognized as DNA damage [1,2].
Two types of protocols are used for inducing stress-induced
premature senescence (SIPS) in human diploid ¢broblasts
(HDFs): continuous chronic stress such as hyperoxia for sev-
eral weeks, or short repeated discontinuous subcytotoxic
stress (H2O2, tert-butylhydroperoxide (t-BHP), etc.) followed
by recovery periods of several days. Multiple biomarkers of
replicative senescence are observed in SIPS among which a
senescent morphology and senescence-associated L-galactosi-
dase (SA L-gal) activity (for review see [3]). WI-38 HDFs
exposed to 40% O2 undergo SIPS and accelerated telomere
shortening (500 bp/PD) within three PDs [4]. We tested
whether accelerated telomere shortening takes place in WI-
38 HDFs exposed discontinuously to SIPS-inducing concen-
trations of H2O2 and t-BHP. Then we tested whether SIPS-
inducing discontinuous stress makes it possible to discriminate
between stress-dependent or DNA duplication-dependent te-
lomere shortening occurring after stress arguing respectively
in favor of a telomere-dependent or a telomere-independent
induction of SIPS.
2. Materials and methods
2.1. Stress
WI-38 HDFs (American Type Culture Collection, USA) were cul-
tivated [5] in BME medium+10% fetal calf serum (FCS) (Flow Labo-
ratories, UK). Con£uent HDFs at 50% of proliferative life span were
exposed to ¢ve stresses of 1 h under 30 WM t-BHP diluted in
BME+10% FCS (Merck, Germany) with a stress/day for 5 days, or
to a 2 h 160 WM H2O2 stress (Sigma, USA). The cultures were rinsed
twice with BME and incubated in BME 10% FCS. Control cultures at
the same early PDs followed the same schedule of medium changes.
After 2 days of recovery the cells were seeded at a 1:2 ratio and
subcultivated until exhaustion of proliferative potential (replicative
senescence). In other experiments, con£uent cells were exposed to a
1 h stress under 100 WM t-BHP at every two PDs. All stress conditions
were non-cytotoxic [6,7].
2.2. SA L-gal activity
At 48 h after stress, the cells were seeded at 700 cells/cm2. After 24
h, the proportions of SA L-gal-positive cells were determined [8] in
four samples of 400 cells/dish from di¡erent cultures. To avoid non-
speci¢c staining due to con£uence, SA L-gal histochemical staining
was performed on non-con£uent cells.
2.3. [3H]Thymidine incorporation
Cells were seeded at 15 000 cells/well. 1 WCi [3H]thymidine (2 Ci/
mmol, NEN, USA) was added for 24 h. The incorporated radioac-
tivity was quanti¢ed (Beckman, USA) on triplicates from four di¡er-
ent cultures.
2.4. Determination of telomere length
Genomic DNA was digested (25 U RsaI and HinfI, Pharmingen,
USA), electrophoresed, transferred to nylon membrane, pre-hybrid-
ized and hybridized with a 51-mer biotinylated telomere probe (Telo-
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mere Length Assay kit, Pharmingen, USA). After scanning of the
autoradiographies with a densitometer, the mean terminal restriction
fragment (TRF) length was calculated. The signal intensity above
background was integrated over the entire TRF distribution as a
function of TRF length, using the formula: L = [g(ODi Li)]/gODi
where ODi and Li are respectively the signal intensity and TRF length
at position i on the gel image.
3. Results
3.1. Telomere shortening after exposure to t-BHP at every
two PDs
HDFs were exposed for 1 h to 100 WM t-BHP at every two
PDs, allowed to recover for 48 h and plated at a 1:4 ratio.
When con£uent, half of the cultures were exposed to a further
stress while the other half were used for TRF length measure-
ments. A 490 þ 71 bp TRF shortening/stress was found in the
con£uent cells previously exposed to t-BHP stress. Four
stresses (eight PDs) were su⁄cient to reach growth arrest in
the stressed cultures. The non-stressed cells proliferated for
more than 20 PDs and underwent a 214 þ 48 bp TRF short-
ening per two PDs, thus about 107 bp/PD, in agreement with
previous results [4]. Therefore a value of accelerated TRF
shortening of 4903214 = 276 bp was obtained after each
stress. Control and stressed cells stopped growing when the
mean TRF length was between 4.8 and 5.0 kb.
Oxidative stress with t-BHP or H2O2 generate single-strand
breaks responsible for TRF shortening [9,10]. However, expo-
sure of HDFs to subcytotoxic oxidative stress also involves
that a small proportion of the cells recover their proliferative
capability many days after stress [3]. These cells must divide a
greater number of times before the culture reaches con£uence
again after plating. Thereby an increased TRF shortening
should occur when compared to non-stressed cultures. Using
models of short oxidative stresses (single H2O2, repeated t-
BHP exposures) we wished to discriminate these two possibil-
ities.
3.2. Telomere shortening after single H2O2 or repeated
t-BHP exposures within the same PD
After a single stress with 160 WM H2O2 or ¢ve repeated
stresses with 30 WM t-BHP, which induced SIPS, the percen-
tages of HDFs positive for SA L-gal activity reached similar
values of respectively 50 þ 5% and 45 þ 4%, which corresponds
to presenescent HDFs at 80^90% of their proliferative life
span [6]. Given this similarity with presenescent HDFs, we
expected that only a small fraction of the HDFs recover their
proliferative capability after stress and thereby escape SIPS.
We followed the incorporation of [3H]thymidine into DNA.
Low [3H]thymidine incorporation is known to take place until
day 6 after ¢ve repeated stresses with 30 WM t-BHP in culture
medium plus serum [6]. In this study, the level of incorpora-
tion of [3H]thymidine was estimated by 24 h labellings starting
at each day after the ¢ve stresses with t-BHP from day 3 to
day 12. From day 3 to day 6 after stress, a low level of
[3H]thymidine incorporation was obtained in the t-BHP-
treated cells (346 þ 70 cpm/15 000 cells), as compared to the
control cells (1739 þ 180 cpm/15 000 cells), con¢rming pre-
vious ¢ndings. This low level is comparable to that of prese-
nescent HDFs at 95% of their proliferative life span [6]. In-
terestingly, an increase in the level of incorporation of
[3H]thymidine into DNA was observed from day 8 to day
12 after the t-BHP stresses. At day 12 after the stresses, it
reached the mean value obtained in control HDFs at early
PDs. About 20% of the cells were proliferative between day 3
and day 6 after stress since the mean value of cpm (346 þ 70)
obtained between day 3 and day 6 after stress represented a
¢fth of the value of cpm (1739 þ 180) obtained at day 12 after
stress. This estimation must be even lower than 20% since
Cristofalo and Sharf have shown that, at 50^60% of prolifer-
ative life span, only 80% of the HDFs still proliferate [11],
giving a ¢nal estimation of 16% of cells resuming mitosis after
stress. Individual cells at low density were followed for 12
days after stress to know whether data on individual cells
con¢rm the values obtained on populations of cells. After
t-BHP stress, thymidine incorporation was observed in
20 þ 4% of the cells at day 7 after stress. Very few cells
(3 þ 2%) showed thymidine incorporation over the 12 days
following the H2O2 stress.
A proportion of 16% proliferative cells should require
about three rounds of division to reach con£uence after cell
plating at a 1:2 ratio at day 2 after stress. Theoretically, a
similar mean value of 12.5% proliferative cells should give
respectively 25, 50, and 100% of the cell population after
one, two and three rounds of division. Therefore in con£uent
cells exposed to those stresses and plated at a 1:2 ratio after
stress, one should ¢nd a TRF shortening equal to the TRF
shortening observed in control HDFs after three PDs. Con-
£uent cells were exposed to ¢ve 1 h stresses with 30 WM t-BHP
with one stress/day, allowed to recover for 48 h after stress
Fig. 1. TRF length in WI-38 HDFs after stress with H2O2 or ¢ve
t-BHP stresses repeated within the same PD. WI-38 HDFs were ex-
posed at PD 30 to ¢ve repeated stresses of 1 h under 30 WM t-BHP
or to a single 2 h stress under 160 WM H2O2. After recovery for 48
h, the cells were plated at 1:2. TRF length was analyzed at con£u-
ence. A: Autoradiography. TRF length before stress (lane 2), after
¢ve repeated t-BHP stresses (lane 1) or control cells following the
same medium changes without t-BHP (lane 3). TRF length after a
single H2O2 stress (lane 4), control cells following the same medium
change without H2O2 (lane 5). B. Quanti¢cation of TRF shortening.
Results are means þ S.D. of four independent experiments.
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(these total 7 days representing non-proliferative conditions
[6]), and plated at 1:2. When con£uence was reached, TRF
length was determined. In the control cells, a TRF shortening
of 105 þ 12 bp was observed. In the HDFs exposed to t-BHP
and plated at a 1:2 ratio after stress, con£uence was reached
on day 12 after stress and a TRF shortening of 381 þ 139 bp
was observed. After 160 WM H2O2 stress, a low level in
[3H]thymidine incorporation was observed within 12 days
after 1:2 plating. The cells became con£uent on day 18 after
stress and the TRF shortening was 322 þ 55 bp (Fig. 1). These
results can be corroborated with the hypothesis that the cell
populations were multiplied about by three to reach con£u-
ence since the expected mean shortening after three PD is
105U3 = 315 bp. Statistical signi¢cance was found using Stu-
dent’s t-test.
The accelerated TRF shortening observed during the ¢rst
subculture after stress was no longer observed when the
stressed cells were subcultivated until exhaustion of prolifer-
ative life span. Similar telomere shortening rates of 108, 93
and 109 bp/PD were observed respectively in the t-BHP-
treated, H2O2-treated and control cells (Fig. 2).
4. Discussion
After four stresses with 100 WM t-BHP, with one stress per
two PDs, the cells stopped proliferating while the control cells
always proliferated for more than 20 extra PDs. Both stressed
and control cultures stopped growing when the mean telomere
length was around 5 kb. This growth arrest of the stressed
cells can be interpreted as premature senescence.
A very low [3H]thymidine incorporation takes place for
6 days after ¢ve 30 WM t-BHP stresses. This level is similar
to that observed in WI-38 HDFs at 95% of proliferative life
span [6]. After 150 WM H2O2 stress, a very low level of in-
corporation was observed for 12 days. After plating at a 1:2
ratio after the (last) stress, the cultures needed respectively 18
and 12 days to become subcon£uent after H2O2 and t-BHP
stress. TRF shortening is expected to take place when some
cells recover their proliferative capability, e.g. between day 6
and 12 after t-BHP stress and between day 12 and 18 after
H2O2 stress. These durations might be su⁄cient for repair of
telomere single-strand breaks to occur. This would explain
why no telomere shortening occurs when the stressed cells
are further subcultivated after one PD after stress. Petersen
et al. [10] showed that 50% of the H2O2-induced single-strand
breaks are not repaired at day 19 after stress. According to
the data presented here, it is possible that these 50% single-
stranded breaks are mostly present in the cells which did not
resume mitosis.
The levels of [3H]thymidine incorporation made it possible
to estimate that about 16% of cells recover their proliferative
capability after the successive t-BHP stresses. Several other
reasons reinforce this estimation. First, the proportion of
HDFs positive for SA L-gal, with staining performed or
non-con£uent cells obtained after the stresses, is very similar
to that observed in presenescent HDFs at 80^90% of their
proliferative life span [6]. Second, the proportions of the var-
ious morphotypes of HDFs showed that the stressed cultures
behaved like presenescent cultures [11]. Third, cells treated
with subcytotoxic concentrations of t-BHP and H2O2 present
a long-term overexpression of the cyclin-dependent kinase in-
hibitor p21wafÿ1 and retinoblastoma protein hypophosphory-
lation at levels observed in presenescent cultures [6,12]. Four,
previous studies followed single cells up to 28 days after such
stress and showed that about one cell out of 10 resumes mi-
tosis [13]. As a direct consequence of the low percentage of
16% cells recovering proliferative capability, these cells under-
went a telomere shortening close to that observed after about
three PDs to reach culture con£uence. If stress-induced DNA
damage was responsible for telomere shortening, a much more
important telomere shortening would be observed. Indeed,
H2O2 and t-BHP generate DNA damage stochastically, e.g.
not only in these portions of the telomere which will be erased
when DNA duplication takes place.
Fig. 2. TRF length in WI-38 HDFs exposed to one H2O2 stress or
¢ve t-BHP stresses, and subcultivated until exhaustion of prolifera-
tive life span. A: Autoradiographies. TRF length in the control,
t-BHP- and H2O2-treated cells. HDFs were exposed at PD 30 to
¢ve repeated stresses of 1 h with 30 WM t-BHP or to a single 160
WM H2O2 stress. Cells were subcultivated at a 1:4 ratio until ex-
haustion of proliferative potential. TRF length was determined
every two PDs. B: Quanti¢cations of the TRF shortening. HDFs
exposed to ¢ve t-BHP stresses (F) or to H2O2 stress (b), control
HDFs (R). The results are expressed as percentages of TRF length
at PD 30. Results are means þ S.D. of four independent experi-
ments.
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This study implies other mechanisms at work, which would
explain that a majority of cells irreversibly lose their prolifer-
ative capability in SIPS-inducing conditions, before telomere
shortening takes place. It has recently been shown that trans-
forming growth factor-L1 (TGF-L1) secreted protein levels are
increased within 36 h after subcytotoxic H2O2 stress. Incuba-
tion of H2O2-treated HDFs with antibodies against TGF-L1,
or against TGF-L receptor II abrogates the stress-induced
increase in the proportion of SA L-gal-positive HDFs. These
antibodies also abrogate the stress-induced increase in the
mRNA level of these four senescence-associated genes [7],
long before telomere shortening takes place. The next step is
to identify the mechanisms whereby DNA damage leads to
TGF-L1 overexpression in conditions of subcytotoxic stress.
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